Lunar/planetary spacecraft should be able to land softly and conduct thorough explorations. Conventional landing methods suffer from various problems such as high rebound, the impossibility of reuse, and necessity of air. Therefore, a novel landing method that solves these problems is required for landing in severe environments. Toward this end, the authors have applied Momentum Exchange Impact Damper (MEID). MEID realizes landing by exchanging the momentum of the spacecraft with damper masses. However, flying damper masses may collide with and damage the spacecraft. Furthermore, they may pollute the lunar/planetary surface. Therefore, in this paper, the authors propose a Non-Flying-Type MEID (NFMEID) mechanism without flying damper masses. Unlike conventional landing methods and MEIDs, the NFMEID (i) reduces a spacecraft's rebound, (ii) can be reused, (iii) can be used in vacuum, and (iv) can protect a spacecraft and the surface pollution from launched masses. Furthermore, the NFMEID may extend the usefulness of MEID because it is considered effective for the shock response control of not only spacecraft but also general mechanical structures. This paper explains the NFMEID mechanism and evaluates its landing performance through some simulations. This study shows that the NFMEID is a promising landing method for further lunar/planetary exploration missions.
Introduction
Lunar/planetary spacecraft should have soft landing methods that enable them to land neatly on arbitrary points irrespective of whether the ground surface is a flat region or a severe region that includes rock beds. This will enable them to conduct thorough explorations for, say, the construction of a moon base or lunar/planetary sampling. Unfortunately, conventional landing methods suffer from some problems: the honeycomb clash (Rogers, 1972 ) cannot be reused after its ground test because of the plastic deformation of its gear unit; an air bag (ExoMars, 2014) causes the spacecraft to rebound strongly, and therefore, the spacecraft cannot land accurately; and a parachute (Blamont and Jones, 2002 ) cannot be used in vacuum. The mechanism of shock absorption is adopted to landing of target marker for Hayabusa (Sawai, et al., 2001) , Japanese spacecraft for asteroid exploration. This mechanism exchanges the mechanical energy of spacecraft for the thermal energy of many particles. However, it is required the numerous particles for energy exchanging when the spacecraft lands on the gravity planet such as moon. These problems need to be solved for enabling further explorations.
Momentum exchange impact damper
Toward this end, the authors have proposed a landing mechanism called Momentum Exchange Impact Damper lunar/planetary exploration spacecraft (MEID) , (Kushida, et al., 2013) , (Watanabe, et al., 2015) . Figure 1 shows the principle of the MEID. It corresponds to the principle of Newton's cradle. MEID mechanisms exchange a spacecraft's momentum with a damper mass that is then separated from the spacecraft. Therefore, the spacecraft's momentum can be reduced, and neat landing can be realized by a simple structure. Unlike the honeycomb clash, MEID can be reused, because it is not based on the plastic deformation but mechanical method. Furthermore, MEID can be used without air, and realize soft landing with a few components. However, the separated damper mass may collide with and damage the spacecraft, and it may pollute the lunar/planetary surface. MEID also does not use fluid to dissipate energy. It is difficult to use the fluid damper in vacuum. In order to use the fluid damper in vacuum, the accurate seal is required to prevent leak of the fluid. This is an advantage of MEID mechanism. The spring should be installed under the body if the level of acceleration is not acceptable.
Non-flying-type MEID
To overcome the problems the conventional MEIDs include, this paper proposes a Non-Flying-Type MEID (NFMEID) mechanism. NFMEID can realize momentum exchange and reduce the spacecraft's momentum without separating the damper masses unlike conventional MEIDs. Therefore, NFMEID enables the spacecraft to land softly. Furthermore, NFMEID can be applied to the shock response control of not only space equipment but also general mechanical structures. NFMEID could thus dramatically extend the utility of MEID. Figure 2 shows the scheme of NFMEID. The mechanism with NFMEID consists of a spacecraft, landing gear, damper masses, and stoppers. Unlike in the conventional MEID mechanism, the damper masses can only move along the landing gear, and they are not separated from the entire system. The landing gear can be rotated with respect to its axis, and it has initial angle that is not 0 degree. Hara, Matsui, Saeki, Maeda and Otsuki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) Figure 3 shows the scheme of landing mechanism using NFMEID. First, a spacecraft with the NFMEID mechanism falls on the ground from some altitude. When the spacecraft lands on the ground, the downward inertia acts on the landing gear, and it begins to rotate. A part of the landing shock is exchanged for the momentum of the damper masses that move along the rotating landing gear. When the landing gear opens completely and the damper masses hit the stoppers, the momentum of the damper masses is offset, because their horizontal directions are contrary. Initial momentum of the spacecraft is distributed to some parts, and a part of the momentum is lost. Therefore, the momentum in the entire system is restrained, and the rebound reduction can be expected. In this manner, the NFMEID mechanism can change the direction of influence of the shock through the rotatable landing gear and realize momentum exchange. The NFMEID is therefore superior to conventional MEID mechanisms that realize momentum exchange without changing the direction of influence of the shock. For example, the field necessary for momentum exchange is smaller, damper masses do not fly, and harmful effects on the spacecraft and lunar/planetary surface are minimized. Furthermore, the NFMEID is effective for the shock response control of general mechanical structures as well as spacecraft it can realize momentum exchange in a small field. This paper explains the NFMEID mechanism and evaluates its landing performance through some simulations. As the fundamental proposal of NFMEID, this paper focuses on landing on the flat surface. As for discussion on landing on slope, the readers may refer the authors' another conference paper . Hara, Matsui, Saeki, Maeda and Otsuki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) 
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Angle of the left gear θ rg (t) Angle of the right gear Hara, Matsui, Saeki, Maeda and Otsuki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) 2. Object in this study Figure 4 shows a model of the object in this study, assuming a spacecraft with the NFMEID mechanism. The upper and right directions are defined as positive displacement. The vertical displacement is 0 m when the spacecraft is at the ground surface, and the initial horizontal displacement is 0 m. In this model, the damper masses are considered to be particles. The spacecraft and landing gear are considered to be rigid bodies. However, the width of the landing gear and the friction between each part are not considered. The landing gear-damper masses, landing gear-spacecraft, and damper masses-stoppers contacts are modeled as connections consisting of a linear spring and a linear dashpot. When the spacecraft and the upper ends of the landing gear touch the ground surface, the spacecraft and the lower ends of the landing gear, or the landing gear and the damper masses do not have the same displacement or velocity, the stiffness and dashpot act. The parameters of the object in this study are determined based on the prototype, as shown in Fig. 5 . The parameters of restrictions such as stiffness and damping are determined so as to obtain similar results between simple falling experiments and the simulations, in which the prototype falls from a height of 0.5 m. Table 2 summarizes these parameters. In this paper, these parameters are defined as nominal parameters.
Modeling

State equation
The state variables are ( ) 
The state equation of the controlled object is described as follows:
where ) (t x , ) (t f and d are the vectors of all the state variables, the input and offset, respectively. For example, ) (t y rd   is obtained as follows: Hara [m] 0.060 
Simulation analysis
To evaluate the landing performance of the NFMEID mechanism, this section focuses on the maximum rebound and the maximum acceleration of the spacecraft. The body mass in the case without NFMEID is equal to the total mass of the entire system in the case with NFMEID as shown in Fig. 6. Hara, Matsui, Saeki, Maeda and Otsuki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) without NFMEID. The total mass of the entire system is unified for comparison between both cases. Figure 7 shows that the rebound in the case with NFMEID is reduced by 35% compared to that in the other case because the spacecraft's mechanical energy, consisting of the potential and the kinetic energies, is restrained after landing, as shown in Fig. 8 . In the first landing, a part of momentum of the spacecraft is exchanged for that of damper masses. Therefore, the momentum of the spacecraft itself is restrained. As a result, the kinetic energy including of spacecraft is reduced, and the rebound gets smaller. The total energy declines after the first landing. This is because the constriction condition between the lander and the landing gear and the damper mass are described by the spring and damper model. Therefore, if the damper mass travels along to the landing gear, the kinetic energy is dissipated. In the case with NFMEID, the mechanical energy of damper masses increases because of the momentum exchange between the spacecraft and the damper masses. The mechanical energy of the landing gear is very small because the gear mass is also very small. Figure 9 shows that the maximum acceleration of the body is reduced a little better in the case with NFMEID than without NFMEID. Therefore, the NFMEID mechanism can restrain the shock in landing. Figure10 shows the time responses of the landing gear angles and the damper mass displacements from the end of the landing gear. The left and right landing gears rotate symmetrically, and they finally open completely against the ground. This result reveals that a part of the landing shock is exchanged for the damper masses' momentum by the NFMEID mechanism with the rotatable landing gear. The effectiveness of NFMEID mechanism when landing on flat ground under nominal parameter conditions is verified. Hara, Matsui, Saeki, Maeda and Otsuki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) (a) with NFMEID (b) without NFMEID Fig. 9 Accelerations of the body. The landing shock is a little smaller in the case with NFMEID than without NFMEID. Vol.10, No.4 (2016) 
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Robustness analysis
The previous subsection discusses the case of using nominal parameters summarized in Table 2 . However, many parameters, such as the ratio of the damper masses against the spacecraft mass and ground conditions like the stiffness and damping are uncertain in actual landing. Moreover, the spacecraft mass often varies due to real mission purposes. Thus, the NFMEID mechanism's robustness against such parameter variations should be discussed.
Mass ratio
The mass ratio is defined as the ratio of the damper masses against the spacecraft mass. Figure 11 shows the relationship between the mass ratio and the maximum rebound. Smaller mass ratios can practically be considered as the condition without NFMEID because the landing gear mass is very small. Figure 11 shows that the larger the mass ratio, the smaller is the rebound. This finding confirms the utility of the NFMEID mechanism and its effectiveness in restraining the rebound. In light of the rebound reduction and launch cost of the spacecraft, a mass ratio of 30%-40% is considered suitable. The result shown in Fig. 11 is obtained using nominal parameters except for left and right damper masses. However, the mass ratio may be smaller by further parameter optimization on the controlled object. Fig. 11 Relationship between the damper mass ratio and the maximum rebound height of the body. The larger the mass ratio is, the smaller the rebound of the body tends to be.
(a) with NFMEID (b) without NFMEID Fig. 12 Simulation results for various ground stiffness and damping values. In all of conditions, the rebound is restrained better in the case with NFMEID than without NFMEID. The ×-symbol corresponds to the rebound in the condition using nominal parameters. Hara, Matsui, Saeki, Maeda and Otsuki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) Figure 12 shows the relationship between ground conditions such as the stiffness and damping and the maximum rebound. In the case with NFMEID, the rebound is restrained under various parameter values. The ×-symbol in Fig. 12 corresponds to the results using nominal parameters as shown in time responses in Fig. 7 . The comparison in Fig. 12 indicates that the proposed NFMEID method possesses a certain robustness on the ground stiffness and damping variations.
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Spacecraft mass
During exploration mission, the spacecraft mass decreases as a result of consuming its fuel. Therefore, the landing mechanisms are required that they can restrain the rebound even if the spacecraft mass is changed. Figure 13 shows the relationship between the mass of the body and maximum rebound height of the body. Maximum rebound height is restrained better in the case with NFMEID than without NFMEID, when the mass of the body is over 0.1 kg. Therefore, the NFMEID can restrain the rebound against various spacecraft mass. The result shown in Fig. 13 is obtained using the nominal parameters except for body mass. However, the performance of NFMEID for rebound reduction may be improved by parameter optimization. Figure 14 shows the time responses of the vertical displacement of the spacecraft with and without NFMEID in case that the spacecraft mass is 0.40 kg, which is equivalent to the ×-symbol in Fig. 13 . The rebound in the case with NFMEID is reduced by 27% compared to that in the other case. Figure 15 shows the spacecraft's mechanical energy, consisting of the potential and the kinetic energies. After landing, the mechanical energy is smaller in the case with NFMEID than without NFMEID. Therefore, the rebound is restrained as shown in Fig. 14. Figure 16 also shows that the time responses of the body acceleration when the spacecraft mass is 0.4 kg. The maximum acceleration of the body is reduced a little better in the case with NFMEID than without NFMEID. Figure 17 also shows the time responses of the landing gear angles and the damper mass displacements from the end of the landing gear when the spacecraft mass is 0.4 kg. The left and right landing gears rotate symmetrically, and they finally open completely against the ground. This result reveals that a part of the landing shock is exchanged for the damper masses' momentum by the NFMEID mechanism with the rotatable landing gear. The effectiveness of NFMEID mechanism is verified even if the spacecraft body is varied. × × Hara, Matsui, Saeki, Maeda and Otsuki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) Hara, Matsui, Saeki, Maeda and Otsuki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) 
Conclusion
To overcome the problems faced when using conventional soft landing methods, the authors proposed the novel Non-Flying-Type Momentum Exchange Impact Damper (NFMEID) landing mechanism. As the fundamental proposal of NFMEID, this paper explains the concept of the NFMEID mechanism and evaluates its performance in comparison with the case without the NFMEID mechanism through simulations assuming landing on flat ground. The NFMEID mechanism suppressed the maximum rebound of the spacecraft under the conditions using nominal parameters in Table  2 . Its robustness against parameter variations was also verified.
In the future, parameter optimization of the controlled object taking account of plural object functions such as rebound suppression performance, total weight, object strength, and so on is necessary for further improving the NFMEID's performance. The NFMEID mechanism shows great soft landing performance and solves the problems faced in conventional soft landing methods. The NFMEID mechanism can also be applied to other mechanical structures for shock response control.
